The surface topography, gravity and geoid associated with loads situated at the base of the thermal lithosphere are computed. The model lithosphere is composed of a viscous lower layer with depth-dependent viscosity overlain by an elastic lid. When the viscosity varies strongly with depth, the amplitude of the surface topography decreases rapidly as the wavenumber characterizing the mass anomaly increases.
INTRODUCTION
The response of the lithosphere to a volcanic load has been for a long time modelled as the loading from above of an elastic lithosphere over a fluid substream (Walcott 1970 ) and the elastic thickness for an old oceanic lithosphere is found to be typically of the order of 30 km. On the other hand, a simple application of Fourier's law predicts a thickness for the thermal lithosphere of about 130 km. Topography and heat flow at old ages indicate some departures from this conductive law at old ages (Parsons & Sclater 1977; Davis, Lister & Sclater 1984; Colin & Fleitout 1990) , but this point is of minor importance for the present paper: the thermal lithosphere at old ages is about 100 km thick and is much thicker than the elastic lithosphere. The stiffer, elastic part of the lithosphere corresponds to the colder, upper lithosphere. Beneath it, the warm lower lithosphere is able to relax elastic strain, even though it is not sufficiently ductile to effectively participate in the convective system. In this paper, the term 'lithosphere' will always mean the whole 'thermal lithosphere', colder and hence always more viscous than the mantle below (not only the elastic lithosphere).
Loads situated in, or just below, the lithosphere play an important role in geodynamics. Topography and gravity admittances have been provided for these intralithospheric loads, assuming that like for loading from above, the lithosphere behaves as an elastic lid (McNutt 1983; Forsyth 1985) . For loads situated near the base of the thermal lithosphere, it might be important to consider also how the stress is transmitted through the viscous lower part of the lithosphere. Fleitout & Froidevaux (1982) have computed stress profiles through lithospheric layers of unifarm viscosity, but they did not consider more realistic, depth-dependent viscosities. This paper investigates how a lithosphere composed of an elastic lid overlying a viscous layer with depth-dependent viscosity responds to a load situated near its base.
This research on the response of the lithosphere to loads situated at its base has mainly been motivated by two
1.-E lasttc

P
. c
5:
VlSCOUS c =.
-I geodynamical problems.
(1) The thinning of the lithosphere, which according to Crough (1978) is responsible for oceanic swells, corresponds to a broad negative mass anomaly at the base of the lithosphere. (2) Convective instabilities invoked for explaining geoid lineations (Haxby & Weissel 1986 ) also involve mass anomalies in the very lowest part of the lithosphere . Other sources for the oceanic swells and for the short-wavelength geoid lineations have been proposed and the admittance (ratio of the gravity over topography) is an observable which can discriminate between the various models. For computing this admittance, mechanical models of the lithosphere more realistic than those used up to now are needed.
The first four sections of this paper provide a simple estimate of the topography and geoid kernels for mass anomalies situated at the base of the lithosphere. The last two sections present applications of the obtained responses to the interpretation of small-wavelength geoid anomalies and to the source of oceanic swells. 
A SIMPLE LITHOSPHERIC MODEL
The lithosphere is modelled as a viscous layer overlaid by an elastic layer of uniform thickness (Fig. 1 ). It will be assumed that the total thickness of the lithosphere is given by the following relationship: L = 1 3 6 .
(1) This corresponds to the depth where the temperature reaches 90 per cent of the mantle temperature for a simple half-space (erf function) cooling model. (However, most of the results will be given in non-dimensional units so that the reader is able to compute the provided results for any other law relating lithospheric thickness t o age.) The viscous layer models the lower part of the lithosphere which deforms sufficiently to relieve elastic strains, but is, however, colder, and hence, much more viscous than normal mantle. Its thickness is d,. The viscosity r] in this layer is considered as either constant or decreasing exponentially with depth:
where y is a negative constant. The larger l y l , the larger the viscosity contrast between the top and the bottom of the layer. The mechanical boundary condition on top of this viscous layer is rigid (zero vertical and horizontal velocity). Most of the results presented in this paper have been obtained assuming that the asthenospheric fluid below the lithosphere is inviscid and that a mass anomaly equal to 6m is concentrated at the base of the lithosphere. This implies a zero shear stress t , , and a vertical stress equal to 6mg at the base of the lithosphere ( z = L ) . Other types of assumptions have been tried concerning the mechanical properties of the material for z > L . As discussed at the end of Section 3, this yields very similar results as long as the asthenospheric material is not more viscous than the lithospheric material.
In the present model, the viscous layer is overlaid by a uniform thickness elastic lid. This is in fact a simplification of the complex combination of brittle, elastic and viscoelastic layers which form the real upper part of the lithosphere. We set the thickness of the elastic layer so that its flexural parameters are those deduced from studies of lithospheric flexure under the load of seamounts. The following relationship seems to be appropriate (Watts 1978; Calmant & Cazenave 1986 ):
The elastic Young Modulus is taken equal t o 10" N m-2.
Note that the surficial vertical deflections due to loading from above and to loading from below are not equivalent: for loading from above, after an initial phase of viscoelastic relaxation, the viscous layer eventually does not support any stress. Only the deflection of the elastic layer matters. For loading from below, the viscous layer creeps slowly and does not completely transmit the vertical stress 6mg to the base of the elastic lid as shown in the next section.
Some readers may not agree both with the simple (oversimplified) law (l), which yields the lithosphere as function of age and with the chosen ratio of the elastic versus viscous thicknesses. The results, plotted in nondimensional units as a function of k L vary very little with L (compare Figs 8 and 9). The reader may then plug in its preferred law for the thickness of the lithosphere as function of age. Moreover, it will be demonstrated that the ratio of elastic over viscous thickness has very little effect on the results (Fig. lob) .
THE DAMPING EFFECT OF T H E VISCOUS LAYER
The vertical and shear stresses transmitted through the viscous layer
The vertical and shear stress kernels induced at the base of the elastic lid (z = h ) by a sinusoidal mass anomaly 6m = am,, cos (kx) = brn, cos (2nx/A) situated a t the base of the viscous layer ( z = L ) are computed. In the case of a layer of uniform viscosity, the vertical and shear stresses at the base of the elastic lid (or top of the viscous layer) are given by the following formulae (Fleitout & Froidevaux 1982) : where k is the wavenumber and ch and sh refer to hyperbolic cosines and sines.
When the viscosity is depth dependent, the momentum and continuity equations combine to give the following
where w is the vertical velocity.
2), equation (6) becomes
For an exponentially depth-dependent viscosity (equation (7) This equation can be solved analytically, using the four complex roots of this fourth-order differential equation (Revenaugh & Parsons 1987) , or numerically, using a two-point boundary value solver. The value of the vertical stress a,, and of the shear stress t , , are easily deduced from w and its derivatives, using the usual mechanical equations for a viscous fluid. The results presented in Fig. 2 correspond to the cases where the viscosity is constant or varies exponentially by four or eight orders of magnitude through the viscous layer. The material below the mass anomaly has been assumed to be inviscid. In Fig. 2 , the stresses a,, and txs at the top of the viscous layer are non-dimensionalized by the weight of the mass anomaly 6mg so that a,, = 1 indicates perfect transmission of the vertical stress. Assuming that there is no elastic lid on top of the viscous layer, the induced topography would be equal to
(p, -pw) being the difference between the density of the mantle and that of the overlying material (air or water), and g being the acceleration of gravity. u,, = 1 (o,, = 6 m g in dimensional units) would then imply perfect isostatic compensation. Note in Fig. 2 that the departure from isostasy becomes stronger as the viscosity contrast increases. Quite surprisingly, for small wavelengths (large kd,) and large viscosity variations through the lithosphere, a positive mass anomaly may even induce a positive topography! An expansion for (kd,/yl<< 1 of the analytical solution provided by Revenaugh & Parsons (1987) helps t o explain the influence of' the parameters governing the sign and amplitude of the surface topography. The approximation yields the following equations for the stresses:
with 6 = kd,/ y and u = kd,(l -46'). a,, and t , , calculated using equations (9) and (10) are plotted in Fig. 2 for a case with a lo8 viscosity contrast through the viscous layer. Note The relationships (9) and (10) directly yield a,, and tx, for very large viscosity contrasts: in this case, 6-0 and u,, and txz tend respectively to simple cosine and sine functions of kd,. Relationships (9) and (10) also indicate how the stress functions vary with the viscosity contrast (i.e. with y): the vertical stress changes sign for some value of kd, that we will name s. Above a positive mass anomaly, the elastic lid is dragged downward for kd, <s, but pushed upward for k d , > s . Relationships (9) and (10) 
Admittances for a simple viscous lid
The admittance functions for a system composed simply of a viscous layer of thickness d, with a zero vertical and horizontal velocity boundary condition on top are easily derived from the value of uzz. The gravity admittance is given by the following formula:
( 1 1
)
The topography is given by equation (8).
The gravity admittance is non-dimensionalized by the admittance for an uncompensated topography: 2nC(prnpw). The geoid admittance is calculated using the following relationship:
It is non-dimensionalized by the quantity 2nC(p, -p,)d,/g which represents the geoid admittance for a large-wavelength topography isostatically compensated at a depth d,. Figure 3 presents a plot of the geoid and gravity admittances for viscosities constant or decreasing by a factor lo4 through the viscous layer. The admittances for isostatic compensation are also plotted. For gravity the admittance is given by
which simplifies in the large-wavelength approximation t o
The geoid admittance is plotted as
which simplifies in the large-wavelength approximation to
Note in Fig. 3 that the isostatic compensation case and the uniform viscosity case yield quite similar admittances. For the depth-dependent viscosity case, the admittance decreases much faster. It becomes negative for kd, = 1.9 as the geoid also becomes negative for kd,>1.9. The curves present an asymptote for kdv = 2.4 where the topography goes to zero (kd, = 2.4 corresponds to a 260 km wavelength for d, = 100 km). The large-wavelength approximation for the admittance in an isostatic compensation model (equation 16) is used for calculating 'apparent compensation depths' (Crough 1978; Cazenave et al. 1988; Sandwell & Renkin 1988) . This large-wavelength approximation admittance is about twice the admittance computed for our two-layer model for a value of kd, = 0.8 and a lo4 viscosity contrast in the lower lithosphere. (For a 100km thick viscous layer kd, = 0.8 corresponds to a wavelength close to 800 km, characteristic of oceanic swells.) This means that the 'apparent compensation depth' is in this case half the real depth of the mass anomaly. The full line corresponds to a uniform viscosity while the dotted line corresponds to a lo' viscosity contrast. The admittances for isostatic compensation (dashed line), and for the large-wavelength isostatic compensation approximation (semidashed line) are also plotted. The admittance for the case where the viscosity decreases by a factor lo4 increase case presents an asymptote for kd,=2.4, when the vertical stress (hence the gopography) is equal to 0.
Lack of influence of the rheological properties for z > L
Three different rheologies for the material at z > L have been tried.
(i) Below the load, the material is assumed to be inviscid.
This implies the following boundary conditions: a , , = 6rn g and t , , = 0 where 6m is the mass anomaly a t the base of the lithosphere.
(ii) The load is assumed to be embedded in an infinite half-space with an exponentially varying viscosity. 
THE DEFLECTION OF T H E ELASTIC LID
The deflection of an elastic plate loaded above the plate (McKenzie & Bowin 1976) or just below the plate (Forsyth 1985 ) is well known. This corresponds to the response of the plate to a vertical stress imposed at its top or at its base. In our model lithosphere, the flow induced by the load situated at the base of the viscous layer imposes both a vertical stress a , , and a shear stress t , , at the base of the elastic plate. In the Appendix, we derive the expression (equation A12) for the vertical displacement wtop when both a shear stress and a normal stress are applied at the base of an elastic lid (Fig.  5) . In the thin plate approximation, equation (A12) can be simplified into (A13). and (3), the viscous layer is three times thicker than the elastic lid (kdV=3kh), and, therefore Figs 6 and 2 yield directly a comparison of the attenuations due respectively to the elastic lithosphere and to the viscous layers. Note that for depth-dependent viscosities, the viscous attenuation is always much stronger than the elastic attenuation. For example for kd, = 0.9 (hence kh = 0.3), the elastic attenuation amounts to 9 per cent for the 100Myr curve, while the viscous attenuation reaches 30 per cent. k.h Figure 6 . Comparison of the 'thin plate approximation' (dotted line) and of the thick plate response (full line) for the loading of an elastic plate from below. The weight of the topography is non-dimensionalized by the weight of the mass anomaly, so that 1 indicates isostatic compensation. The elastic thickness given by equation (3) corresponds to 10 and 100 Myr old lithospheres. This 'elastic damping' of the vertical stress can be compared to the viscous damping of Fig. 2 .
S THE RESPONSE OF T H E WHOLE LITHOSPHERE
The solutions to the viscous layer and to the elastic layer together give the response of the whole lithosphere. After replacing in equation ( for isostasy a positive mass anomaly induces a negative topography anomaly, so a positive sign on Fig. 7 corresponds to a topography with a sign opposite to that of the mass anomaly). This non-dimensional topography is plotted as a function of the wavenumber and decreases quickly, much faster than for the simple elastic lid model. Thus short wavelengths are strongly attenuated. This implies that a narrow mass anomaly at the base of the lithosphere induces a broad swell (or depression), as discussed in Section 7. When the viscosity varies as a function of depth, a positive mass anomaly induces a positive topography anomaly at small wavelengths (here Gpgwtop is negative for kL larger than 2.4). This unexpected response is a simple consequence of the transmission of the vertical stress through a viscous medium with a depth-dependent viscosity (Fig. 2) . The gravity and geoid admittances are calculated using equations (11) and (12). They are non-dimensionalized in a similar way. Geoid admittances are non-dimensionalized by 2nG ( p , -p w )
Llg so that the admittance for the large-wavelength approximation amounts to 1 (whatever kL) in Figs 8(b) and 9(b). Figs 8 and 9 depict these gravity and geoid admittances for lithospheres 100 and 10 Myr old, respectively. Note that unlike the purely viscous case, the solutions do not depend only upon kL: the elastic response provided by equation (A12) cannot be written as a function of 1 = k h alone. It depends also upon the thickness of the elastic Yid. However, Figs 8 and 9 are re\ailve\y simi\ar.
The admittance is much smaller than predicted by the long-wavelength isostatic approximation (by about a factor 2) if kd is larger than 0.8 i.e. for wavelengths smaller than 800 km in a 100 km thick lithosphere. It is also smaller than the isostatic compensation admittance (without the largewavelength approximation). As discussed in Section 6, this has important implications concerning the 'apparent compensation depth' observed above oceanic swells. For many geophysical applications, the mass heterogeneity is not concentrated over a very thin layer at the base of the lithosphere, but may be a few tens of km thick. In Fig.  10 , we plot the obtained admittances for a 100Myr old lithosphere for density heterogeneities of Gaussian distribution centred at the bottom of the lithosphere: Figure 10 . Geoid admittance for 100Myr old oceanic lithosphere and a lo4 viscosity contrast for h < z < L. In Fig. 10(a) , the admittance for a thin mass anomaly at the base of the lithosphere (full line) is compared with the case of a broad Guassian anomaly: numerous studies of seamount loading. However, one may object that the real thickness of the section of the plate which is mimicked by the elastic lid is larger than assumed here (and consequently, the viscous layer is thinner). For the case depicted Fig. 10(b) , the Young modulus of the lid has been divided by eight, but the thickness of the lid has been multiplied by two. The flexural rigidity is then unchanged, but the elastic and viscous layer have now the same thickness equal to L/2. Even for such a drastic thickening of the elastic thickness, the admittance is only moderately affected. 
APPLICATION TO THE INTERPRETATION OF SMALL-WAVELENGTH G E O I D LINEATIONS
The interpretation of small-wavelength geoid lineations in the oceans is a controversial issue. Small-wavelength geoid lineations were first observed in the east-central Pacific (Moriceau & Fleitout 1989; . Topography anomalies from the SYNBAPS data set are seen to be positively correlated with the geoid lineations in the Atlantic Ocean. In the east-central Pacific, topography anomalies are not visible on maps deduced from SYNBAPS, but this is due to the paucity of ship-tracks in this area. Indeed studies based on the few shipborn topography and gravity profiles available show topography anomalies of amplitude of about 100m associated with the observed geoid lineations (Buck & Parmentier 1986; McAdoo & Sandwell 1989; Moriceau 1990) . The aim of the present section is to provide an estimate of the admittance expected if the lineations are due to convective instabilities at the base of the lithosphere. This estimate will help to discriminate between the various mechanisms proposed for explaining geoid lineations. Figure 11 presents geoid and topography as a function of the age of the lithosphere for a lo4 viscosity increase through the viscous part of the lithosphere and for wavelengths of 150 and 250 km, in a range characteristic of the spacing between geoid lineations. Note that over a positive (cold) mass anomaly, there is a positive geoid anomaly for old ages (say larger than about 10Myr) and a positive topography anomaly for ages older than something like 25 Myr. The amplitude of the geoid anomaly decreases at old ages and it decreases faster for small wavelengths.
These results obtained for the loading from below of this composite lithosphere differ strongly from those for the loading from below of an elastic lid (Fig. 11) : even the sign of the expected geoid and topography for ages older than Fig. I) , with a lo4 viscosity contrast through the viscous lower layer. For the dotted and semidashed lines, the wavelengths are still 150 and 250 km respectively, but the lithosphere deforms mechanically as a simple elastic lid loaded from below.
-.-. 120 "C over a thickness of 100 km in models including a temperature and pressure-dependent, non-Newtonian rheology (which seems the most appropriate). It can reach 200 "C for a temperature and pressure-dependent, Newtonian rheology Moriceau, Christensen & Fleitout 1991) . Note that the characteristic wavelength of the fully developed convective regime is about 700 km, quite different from the distance between the observed lineations. According to the results of Fig. 11, for wavelengths of about 200 km and ages older than 30 Myr, density heterogeneities associated with temperature anomalies of 120 "C or 200 "C would induce a maximum surficial topography of T20m (or T36m) and a geoid anomaly of f20 cm (resp T35 cm). The predicted geoid anomaly has a magnitude comparable to that of the observed geoid lineations but the topography seems smaller than observed in the central Pacific and in the Atlantic Ocean (Buck & Parmentier 1986; Fleitout et af. 1990) . wavelengths as a function of the age of the lithosphere. The observed geoid has to be divided by this admittance in order to estimate the amplitude of the topography which should be associated with the observed geoid anomalies. For example for a 20cm geoid anomaly, at an age older than 40 Myr, the expected topography anomaly amounts to 20 m which is smaller than the observed topography (McAdoo & Sandwell 1989; Moriceau 1990) . If a more realistic broad (in the vertical direction) density anomaly was assumed, the old age admittance would be about twice that of Fig. 12 (see Fig. 10a ). The predicted topography would only amount to 10m. At ages older than 30Myr, the admittances for loading the plate from below are not in good agreement with the observations. At very young ages (say younger than 20 Myr), our results indicate that a larger topography is expected to be associated with the observed geoid. Could the relatively large topography anomalies observed in lithospheres older than 30 Myr be explained by frozen in topography formed by convection below the plate when the lithosphere was young? As already mentioned in Moriceau & Fleitout (1989) , this hypothesis must be rejected: the N80"W lineations are visible over lithospheres older than 70 Myr. When these lithospheres were young, the motion of the Pacific plate was almost north-south. The lineations observed there would then have no reason to be oriented in a N80"W direction.
The admittance for loading the lithosphere from above is also plotted on Fig. 12 . At old ages, the topography expected for loading from above (dashed line on Fig. 12 ) is much larger and is in better agreement with the observations.
APPLICATION T O T H E COMPENSATION DEPTH OF OCEANIC SWELLS
This last section is concerned with much larger wavelengths. It presents an application of the obtained admittances to the oceanic swells. Are these swells due to lithospheric thinning (Detrick & Crough 1978) or is the topography partly due to an overpressure induced by the low-density material of a rising plume?
The low apparent compensation depth argues in favour of a 'dynamic support model' due to the presence of a deep plume below the swell. This apparent compensation depth is proportional to the linear regression coefficient of geoid versus topography. It is of the order of 60 km or smaller. (Sandwell & Renkin 1988; Cazenave et af. 1988) . If there is a low-viscosity zone beneath the lithosphere, mass heterogeneities deeper than this low-viscosity layer present a small or negative apparent compensation depth. Thus they diminish the global apparent compensation depth (Robinson & Parsons 1988) .
The contribution to geoid and topography issued from deep plumes is however very limited as shown by models with realistic rheologies (Moriceau et af. 1991) . Moreover, many swells are not situated above the present-day position of the plume (Dalloubeix & Fleitout 1989) . These last two considerations argue in favour of sources of the swells situated at the base or in the very lower part of the lithosphere. If this is true, the apparent compensation depths associated with the swells which are smaller than the lithospheric thickness remain to be explained. Note that this apparent compensation depth is based upon mechanical models where the swell is assumed to be isostatically compensated. In more elaborate models (McNutt & Shure 1986; McNutt 1988) , relative contributions to the topography and geoid from loads above and below an elastic lid are determined. The estimated depth of the loads below the elastic lid is then larger than for estimates based upon the large-wavelength isostatic approximation. In this section, the compensation of swells if the lithosphere is composed both of an elastic lid and of a viscous layer is investigated. Figure 13 presents the topography and the geoid anomalies associated with negative density anomalies of various lateral extents situated at a depth of 100 km. Cylindrical geometry has been assumed and the curves in Fig. 13 Note that the topography anomaly is somewhat broader than the density heterogeneity. In particular, swells less than 600 km broad cannot be due to mass heterogeneities at the base of a mature lithosphere. They are instead induced by shallower sources such as magmatic intrusions. The geoid anomaly is again broader than the topography anomaly: this is frequently observed over oceanic swells.
A least-square fit of the computed geoid versus topography provides slopes of 5.5 x lo-' and 6.2 x lo-' i.e. apparent compensation depths of 55 and 62 km for the two broadest swells. This is less than the 100 km depth of the anomaly in the model. However this apparent compensation depth is somewhat larger than that obtained by least-square fit over oceanic swells (Monnereau & Cazenave 1989) . Some low-admittance signal may come from other shallow or short wavelength sources (seamounts, fracture zones, crustal thickness variations. . .) and contribute to the decrease the apparent compensation depth. Are the observed low apparent compensation depths (Sandwell & Renkin 1988) found in the oceans a consequence of the superposition of this low-admittance 'noise' over non-isostatically compensated thermal swells?
C O N C L U S I O N A N D D I S C U S S I O N
The oceanic lithosphere has been modelled as an elastic lid overlying a viscous layer with depth-dependent viscosity. This model has been inspired by convection numerical experiments with a temperature-dependent viscosity Moriceau et al. 1991) . It has been purposely kept as simple as possible. It is obvious that in more elaborate models, the whole lithosphere would be considered as viscoelastic. The border between areas of predominantly 'elastic' and 'viscous' deformation would then be a diffuse zone which would migrate, depending upon ?he variation with time of the mass anomalies. Some insights concerning this time-dependent viscoelastic behaviour are given in Appendix B. lithosphere. Notice that a narrow mass anomaly (left side) is able to induce a broad swell. According to the large-wavelength isostatic approximation, the geoid swell should have the same shape and width as the topography swell, with a height of 9.6 m for a 1 km topographic swell. If geoid or gravity anomalies with wavelengths around 200 km observed in the oceans are due t o mass anomalies at the base of a lithosphere older than 30Myr, almost n o topography should be associated with them. This seems in contradiction with the available observations which are in better agreement with the admittances for loading the plate from above.
For wavelengths smaller than 1000 km, the apparent compensation depth of the topography due to a mass anomaly situated in the lower part of an old lithosphere is less than half the depth of the lithosphere, due to a departure from isostasy. This, combined with the effect of small-wavelength volcanic loads may explain the low apparent compensation depths found over oceanic swells.
There are many other potential applications or extensions of the response functions for this two-layer lithosphere: for instance, rift shoulders and foreland basins can be considered as similar but antithetic types of tectonic feature (an uplift surrounding a crustal thinning and a depression surrounding a crustal thickening). Various physical processes have been put forward to explain them: elastic flexure due to the crustal thickening of the mountain belt or to the crustal thinning of the basin, warm material beneath the rift shoulder due to lateral destabilization of the rift shoulder. It is generally accepted that the whole lithosphere is thinned during rift formation. Crustal thickening should also be accompanied by the thickening of the lower part of the lithosphere (Fleitout & Froidevaux 1982) . In case of uniform viscosity layers, a small depression due to cold material at depth is predicted on the flanks of the mountain range. With a more realistic depth-dependent viscosity in the lithosphere, the depression is expected to be more pronounced and have a larger lateral extent (compare in Fig. 7 the dashed and full line curves). This non-isostatic response of the lithosphere to the load of the cold material appears as a possible mechanism to explain the formation of foreland basins. In this eventuality, the width of foreland basins may have little to d o with the flexural wavelength of the lithosphere. It is mainly governed by the depth of the cold root beneath the mountain range. Rift shoulders can also be linked to a non-local compensation of the hot material beneath the rift. However, the depth of the hot mass anomaly is in this case expected to be shallower and the effects of non-local compensation might be more subdued. + the deflection in the thin plate approximation can also be found in the following way.
The linear relationship between a , , and the curvature can be written This expression is indeed equivalent to equation (A13).
APPENDIX B
In the simple model presented here, the lithosphere has been modelled as the superposition of an elastic lid over a viscous layer. The loads at the base of the lithosphere have been assumed as static (i.e. sitting at the base of the lithosphere for a long time). This is in particular the only justification for assuming the vertical velocity equal to zero at the base of the elastic lid. In fact, the loads of convective origin which we are mostly interested in are emplaced over time-scales of the order of 10 Myr. Is the viscous lithosphere able to respond to the loads at its base over such a time-scale (i.e. to transport over this time scale the material necessary for accommodating the deformation of the elastic lid)? Consider a uniform viscosity lid of thickness d and viscosity q. This lid is on top of a mantle with negligible viscosity. Assume that a mass anomaly Am cos(kx) is imposed at its base at time t = 0. We will assume here that ; I = 2 n / k is large compared to d (thin plate approximation). What will be the vertical velocity in the lid as function of time?
As d u / d z is negligible, the shear stress txz = txzo sin (kx) relates to the vertical velocity w = wo cos ( k x ) by txz = q awldx = -qkw,sin ( k x ) .
(B1)
The vertical velocity is the time derivative of the topography To cos (kx). The vertical equilibrium is given by aozz/az + atxZ/ex = 0.
(B2)
After integration of (B2) over the thickness of the lithosphere, one finds that the non-compensated topography is given by PgTo -PgTOfina, = kdtxzo = -Vk2 dwo.
The relaxation time is therefore equal to t = q k 2 d / p g . For q = 1OZ2Pas, A=lOOOkm, d = 100km, one finds t = 40000yr. One conchdes that in the framework of our model (viscosities between 10" and Pas), neglecting the vertical viscosity at the base of the elastic lid is justified. The transient viscoelastic response will be important for viscosities above loz5 Pa s. At shorter wavelengths (200 km), it will become important for viscosities above 31023 Pa s.
